Cytochrome P450s are widespread in the plant kingdom. The functions of plant P450s are dispersed through many aspects of plant metabolisms, which are involved in the biosynthesis of defense compounds and protectants against ultraviolet rays, as well as metabolic pathways for the biosynthesis and/or degradation of fatty acids, hormones, and signaling molecules. We found a gene for rice P450, OsCYP84A, which was classified into CYP84A in the CYP71 clan. Reverse transcription-polymerase chain reaction (RT-PCR) analysis indicated that this gene was ubiquitously expressed without any temporal and spatial specificity under normal growth conditions, but its expression was inducibly and significantly increased by ultraviolet (UV)-B and UV-C irradiation. Rice transformants in which OsCYP84A expression was suppressed by the antisense gene showed apparent growth retardation with obvious symptoms of damage on the plant bodies under UV-B irradiation, although no phenotypic alteration occurred under normal growth conditions. These results suggest the existence of a novel UV-tolerance system involving OsCYP84A.
Cytochrome P450 consists of a diverse superfamily of hemoproteins widely found in bacteria, archaea, animals, and plants. Higher plants contain a large number of gene family members, which occupy up to about 1% of the genes encoded in plant genomes, whereas they share approximately 0.1% to 0.5% of those in animal genomes. 1, 2) Recent genome sequence projects have revealed the presence of a large number of P450 genes in plants. They are usually categorized into the following 10 clans: CYP71, CYP72, CYP85, CYP86, CYP51, CYP74, CYP97, CYP710, CYP711, and CYP727. 2, 3) Among these, clans of CYP71, CYP72, CYP85, and CYP86 contain multiple genes as family members, but the other clans consist of a single gene.
The biological functions of P450 are widely divergent, and are involved in many physiological processes of biosynthesis and degradation pathways. A representative P450 catalyzes monooxygenase reactions ( 
. [4] [5] [6] In plants, P450s are mainly involved in the biosynthesis of UV protectants, pigments, defense compounds, fatty acids, hormones, accessory pigments, and structural polymers. 7) In addition, some catabolites of plant P450s function as endogenous or exogenous signaling compounds in response to environmental stresses. [8] [9] [10] Members of the CYP72, CYP85, CYP86, CYP74, and CYP97 clans are known to be involved in the catabolism of isoprenoid hormones, the modification of sterols and terpens in the brassinosteroids, the jasmonate and gibberellic acid pathways, [11] [12] [13] [14] the hydroxylation of fatty acids, [15] [16] [17] the biosynthesis of sterols, 18, 19) the synthesis of allene oxide of the intermediates in the biosynthetic pathway of the jasmonate and octadecanoid pathways, 20, 21) and the hydroxyration of cartenoids, 22) respectively. Among plant P450s, the CYP71 clan constitutes the largest gene family in the plant genome, and it is widely spread to numerous functions involved in biosynthesis of secondary metabolites, but the functions of most P450s remain unclear. We have identified a novel rice P450 gene, OsCYP84A, that was classified into CYP84 subfamily of the CYP71 clan. In this paper, we describe its biological functions as determined by reverse genetics.
Materials and Methods
Plant materials and growth conditions. Rice (Oryza sativa Japonica cv. Nipponbare) and transformant lines were germinated at 28 C in a dark chamber, and were grown in pots at 28 C for 1 or 2 weeks in a growth chamber with a photoperiod of 16 (Fig. 3A ). The amplified fragment was then inserted into pGEM-TEasy (Promega, Madison, WI). The resulting plasmid was digested with SpeI and EcoRI. The generated fragment was introduced into the SpeI and EcoRI sites of pCAMBIA1301M, a derivative of pCAMBIA1301 (CAMBIA, Canberra, Australia), in which the BglII, EcoRI, and BamHI sites were generated following the CaMV 35S promoter. Rice transformants were created by b the introduction of the resulting gene following Hiei et al.
23)
Irradiation by ultraviolet ray. Ultraviolet rays (UV-B and UV-C) were irradiated on 1-week-old and 2-week-old plants by placing them under the illumination of UV-B and UV-C fluorescent lights (Sanyo Denki, Osaka, Japan, and Philips, Eindhoven, Netherlands) with strengths of approximately 1.28 mmol m À2 s À1 and approximately 2.19 mmol m À2 s À1 respectively. For semi-quantitative reverse-transcriptase polymerase-chain-reaction (RT-PCR) analysis, 2-week-old plants were used after they were placed under UV-B or UV-C irradiation for 6 h. For observation of morphological alteration, the 1-week-old plants were grown under continuous white light with irradiation of UV-B or UV-C for 1 week. After these treatments, leaves were harvested for the preparation of total RNA. As a control, plants were placed under continuous white-light illumination without UV irradiation.
RNA preparation and semi quantitative RT-PCR analysis. Total RNA was prepared as follows: Rice tissues were ground to a fine powder in liquid nitrogen using Auto-SK-mill (Tokken, Kashiwa, Japan), and then were subjected to preparation of total RNA using Sepasol-RNA I Super (Nacalai Tesque, Kyoto, Japan). First-strand cDNA was synthesized from 1 mg of total RNA using a ReverTra-Ace cDNA synthesis kit (Toyobo, Osaka, Japan) with oligo(dT)20 primers. One mg of cDNA was used as the template for PCR amplification with Blend-taq DNA polymerase (Toyobo). The amplification protocol was as follows: 94 C for 2 min, followed by 27 cycles for Actin1 and 34 cycles for OsCYP84A of 94 C for 30 s, 57 C for 30 s, and 72 C for 40 s, followed by a final elongation step of 5 min at 72 C. The amount of the OsCYP84A transcript was determined as the value relative to that of the Actin1 transcript (acc. no. X16280). The primer sequences used were 5 0 -CGCGTTCAACATCGGCGACT-3 0 and 5 0 -CGATGG-CCCACACGTTGACC-3 0 for OsCYP84A, and 5 0 -AGCTTCCTGAT-GGACAGGTT-3 0 and 5 0 -CACAAGTGAGAACCACAGGT-3 0 for Actin1. 
Results and Discussion
Isolation of a rice cytochrome P450 cDNA We isolated a cDNA for rice cytochrome P450 (acc. no. AC021892) from a cDNA library of immature rice seeds using a primer set, 5 0 -CTCAAAACACAACCC-AAAATAGG-3 0 , and 5 0 -ACCTGCAAACCATTCTT-GCC-3 0 that was synthesized based on the genomic sequence of the middle region of a rice P450 gene (acc. no. AK067847). The corresponding genomic DNA sequence was separated into two exons of 957 bp and 633 bp with an intervening 4.6-kb intron (Fig. 1A) . This gene was predicted to encode a protein composed of 530 amino acid residues (Fig. 1A) . The predicted protein contained a proline rich region in the N-terminal region, and conserved the distal threonine residue as well as the heme-binding cysteine residue and the heme-iron ligand signature in the C-terminal region (Fig. 1A and B) , which are highly conserved in P450s. 24, 25) The deduced amino acid sequence showed apparent homology to CYP84A cytochrome P450s, which are classified in the CYP71 clan, in Arabidopsis (acc. no. AT4G36220), [26] [27] [28] [29] [30] sweet gum (Liquidamber styraciflua, acc. no. AF139532), 31) and Brassica napus (acc. nos. AF214007, AF214008, and AF214009) 32) (Fig. 1B) , suggesting that it is a rice homolog of CYP84A. Therefore, we designated this gene OsCYP84A.
Expression of OsCYP84A, and its response to UV irradiation RT-PCR analysis indicated that OsCYP84A showed very weak but ubiquitous expression with no tissue or spatial specificity (Fig. 1C) , suggesting that it is continuously expressed during plant growth in the whole plant body. Several plant P450s are known to be involved in tolerance of ultraviolet (UV) radiation, 33, 34) and so we examined the response of OsCYP84A to UV irradiation.
Under irradiation of UV-B (315 to 280 nm), OsCYP84A expression gradually increased and maximized in 5 h (Fig. 2) . Increased expression of OsCYP84A was also detected under UV-C irradiation (at wave lengths shorter than 280 nm). The expression level was more sensitive to UV-C irradiation than to UV-B. Induction of gene expression under UV-C started earlier and reached a higher level than under UV-B (Fig. 2) . These results indicate that OsCYP84A expression is inducibly elevated by UV irradiation. The timing of induction of OsCYP84A expression was earlier with a stronger signal under UV-C irradiation than under UV-B (Fig. 2) . This may have been due to the higher level of damage under UV-C irradiation than under UV-B irradiation. To investigate the physiological function of OsCY-P84A, we generated transgenic plants in which OsCY-P84A expression was suppressed by the antisense gene (Fig. 3A) . We obtained six transformants that showed decreased expression of OsCYP84A (Fig. 3B) . They grew normally without any apparent morphological changes as compared to the wild-type plants when they were cultivated in the growth chamber or glasshouse under normal growth conditions. These antisense transformants set sufficient amounts of normal-shaped seeds with efficient fertility.
The wild-type plants grown under UV-B irradiation showed approximately 25% retardation of growth as compared with those grown without UV irradiation, while the shape of the plantlets looked normal (Fig. 4A  and E) . In contrast, the transformants showed apparent morphological changes with smaller leaves in addition to a severely reduced growth rate (less than 50%) (Fig. 4) . Among the transformant lines, AsOsCYP84A 2-1, AsOsCYP84A 2-3, and AsOsCYP84A 2-4 showed a peculiar feature in the 2nd leaves that they were scarcely extended (Fig. 4D, G, and H) . AsOsCYP84A 2-1 also showed a strong morphological change, with extraordinary curling in the basal region of the shoot. This indicates that such a phenotype induced by UV irradiation might be due to reduced expression of OsCYP84A. Reduction of resistance to UV irradiation may have occurred in the transformants with reduced OsCYP84A expression at the UV-dose that the wild-type plants endured. An Arabidopsis homolog, AtCYP84A, encodes feruate 5-hydroxylase (F5H), which catalyzes an irreversible hydroxylation step in the phenylpropanoid pathway. 27, 28) F5H activity is essential for the biosynthesis of lignin and sinapate in the angyosperm phenylpropanoid pathway. 35) UV-B irradiation may induce the accumlation of syringyl lignin monomers, flavonoids, and other phenolic compounds, which are involved in UV-B resistantce. 36) This indicates that OsCYP84A may be involved in a system protecting against or repairing damage due to UV irradiation.
